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Laser-Doppler-Velocimetry 
Measurements in a Cascade of 
Compressor Blades at Stall 
Compressor stall was simulated in the Low-Speed Cascade Wind Tunnel at the 
Turbopropulsion Laboratory of the Naval Postgraduate School. The test blades were 
of controlled-diffusion design with a solidity of 1.67, and stalling occurred at 10 deg 
of incidence above the design inlet air angle. All measurements were taken at a flow 
Reynolds number, based on chord length, of 700,000. Laser-sheet flow visualization 
techniques showed that the stalling process was unsteady and occurred over the 
whole cascade. Detailed laser-Doppler-velocimetry measurements over the suction 
side of the blades showed regions of continuous and intermittent reverse flow. The 
measurements of the continuous reverse flow region at the leading edge were the 
first data of their kind in the leading edge separation bubble. The regions of intermit-
tent reverse flow, measured with laser-Doppler velocimeter, corresponded to the flow 
visualization studies. Blade surface pressure measurements showed a decrease in 
normal force on the blade, as would be expected at stall. Data are presented in a 
form that characterizes the unsteady positive and negative velocities about their 
mean, for both the continuous reverse flow regions and the intermittent reverse flow 
regions. 
Introduction 
The continuing effort to predict off-design performance and 
stalling behavior of compressor blades during the design phase 
has prompted studies to characterize the flow in and around 
leading edge separation bubbles of blades in cascade. One of 
the earliest studies of stall in a two-dimensional cascade was 
performed by Sovran (1959). He obtained measurements and 
used smoke flow visualization to study rotating stall in an axial-
flow compressor and in a cascade of seven blades. He also 
produced a movie of the stalling process in the cascade for low-
Reynolds-number flow. Yocum and O'Brien (1993) presented 
flow visualization and time-mean velocity measurements of 
stalled flow in a cascade. They also presented a good historical 
perspective of earlier cascade studies as an introduction to their 
measurements. Experimental studies have attempted to map vis-
cous flow development in specific geometries. Recently Hobson 
and Shreeve (1993) reported detailed two-component laser-
Doppler-velocimetry (LDV) measurements of the flow through 
the same set of controlled-diffusion (CD) compressor blades in 
cascade at a high incidence angle prior to stall. 
A laminar leading-edge separation bubble was observed, 
which reattached turbulent within 5 percent of a chord length 
from the the leading edge. Consistent with measurements at 
lower incidence angles, the reattached suction surface boundary 
layer remained turbulent and attached over the rear part of the 
blade. Since boundary layer separation had not been achieved, 
the next step was to increase the incidence angle further, to a 
value of 10 deg above design, in an attempt to stall the blades. 
The intention was to determine the maximum turning or lift 
generated by the blades, and to determine the way in which the 
suction-side boundary layer would separate. In others words, 
would the leading-edge separation bubble grow or would sepa-
ration begin from the trailing edge where the boundary layer 
was fully turbulent? Two-component LDV measurements were 
taken in the pitchwise or blade-to-blade direction upstream, on 
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the suction side, and across the wake, at most of the stations 
measured by Hobson and Shreeve (1993). Blade surface static 
pressure measurements were recorded and laser-sheet flow visu-
alization studies were performed for comparison with the LDV 
data. 
Experimental Apparatus 
The Low-Speed Cascade Wind Tunnel test facility is shown 
in Fig. 1. A thorough description of the facility, test section, 
and controlled-diffusion blading was presented by Sanger and 
Shreeve (1986). The figure also shows the position where seed 
particles were introduced into the tunnel for LDV measure-
ments. The cascade had 20 blades, the flow Reynolds number, 
based on chord length, was approximately 700,000, and the 
inlet air angle was 50 deg. 
Blade surface static pressure measurements were recorded 
with a 48-channel Scanivalve. The instantaneous horizontal and 
vertical velocities of one micron (1 pm) sized oil mist particles 
were measured with a two-component LDV system, which con-
sisted of standard optics and was powered by a 4W argon-ion 
laser. Laser sheet flow visualization was performed with a 300 
mW argon-ion laser, which directed its beam into a fiber optic 
cable. This cable directed the beam into a series of standard 
optics which produced the laser sheet. The schematic of the 
system and the laser sheet is also shown in Fig. 1. 
Experimental Procedure 
The initial pitchwise survey at station 1 (Fig. 2) was con-
ducted over three passage widths to determine inlet flow unifor-
mity. All subsequent inlet pitchwise surveys were traversed over 
a distance, spanning 133 percent of the blade spacing, which 
corresponded to the region of maximum seeding. Figure 2 
shows the exact vertical location, horizontal distance, and step 
size (in parentheses after the station number as a percentage of 
blade pitch) of each inlet and exit survey. 
Measurements were only taken on the suction side within the 
blade passage, over a pitchwise distance covering 67 percent 
of blade spacing. Figure 2 also shows the positions for the 
passage surveys and each point on the figure represents a mea-
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Fig. 1 Schematic of the cascade wind tunnel and laser sheet flow visual-
ization system 
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Fig. 3 Blade surface pressure distribution for increasing inlet flow angle 
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Fig. 2 LDV survey locations (numbers in parenthesis denote traverse 
size in percent pitch) 
surement location. These points were stretched away from the 
surface to approximate a boundary layer survey. The wake sur-
veys were conducted with the same LDV optics configuration 
specified for the inlet surveys. The LDV was horizontal and 
perpendicular to the tunnel for stations 16 to 19 and the surveys 
were performed over two passage widths. 
All LDV measurements presented in this study were averaged 
over 3000 data points. The presentation of mean flow velocity 
distributions was without any editing of the histograms. Specific 
editing was used to distinguish positive and negative velocity 
distributions, and these will be described in detail in the next 
section. Time between data points was recorded so that subse-
quent Fourier analyses could be performed on the data to deter-
mine the frequency of the unsteady stalling process. Editing 
based on plus or minus 2 standard deviations for the histogram 
was performed to determine the edge of the separation and 
reverse flow regions. 
The flow visualization was carry out by projecting a laser 
sheet from the bottom left of the cascade to blade number 14, 
and while the tunnel was operated at a flow Reynolds number 
of 700,000, fog was introduced into the tunnel through one of 
the endwalls. This process was filmed with an 8 mm video 
camera, which operated at 30 frames per second. 
Results and Discussion 
Blade Surface Pressure Measurements. Figure 3 shows 
the blade surface pressure distribution measured by Dreon 
(1986) at 40 and 43 deg, Armstrong (1990) at 48 deg, and the 
present measurements at 50 deg (Ganaim Rickel, 1994, and 
Williams, 1995). The integration of the area within the pressure 
distributions for each angle gave the normal force coefficient. 
Figure 4, which is a plot of the normal force coefficient versus 
inlet flow angle, shows the drop-off in force, or lift, at 50 deg 
and that the cascade had entered into stall. 
Inlet Surveys. A periodic disturbance, of approximately 5 
percent, in the inlet total velocity profiles was evident at station 
1. This disturbance corresponded to the spacing of the blades 
and thus the presence of the blades was felt, 30 percent of 
an axial chord, ahead of the leading edges. The magnitude of 
upstream disturbance was not as significant at lower inlet air 
angles. The final inlet profile showed a variation in total velocity 
of 40 percent across the leading edges. This variation was less 
than that previously measured (Hobson and Shreeve, 1993) at 
Nomenclature 
Cp = coefficient of pressure 
Rec = Reynolds number based on chord 
length 
Tu = pitchwise, or tangential, turbulence 
intensity = iu^/V^ 
Tv = axial turbulence intensity = 
V^/Vref 
U = pitchwise, or tangential, mean ve-
locity component 
U,oi = total mean velocity = W
2 + V2 
u' = pitchwise, or tangential, fluctuat-
ing velocity component 
V = axial mean velocity component 
Vref = upstream reference total mean ve-
locity 
v' = axial fluctuating velocity compo-
nent 
X = pitchwise, or tangential, direction 
Y = axial direction 
P = inlet flow angle from the axial di-
rection 
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Fig. 4 Normal force coefficient versus inlet flow angle 
48 deg inlet air angle (which showed more than a 50 percent 
variation), and this too was an indication that stall had occurred. 
Passage Surveys (Station 3). Mean velocity distributions 
are presented in Fig. 5 for station 3, and the turbulence intensi-
ties for the respective velocity components are presented in Fig. 
6. The turbulence intensity for the two components showed 
anisotropic behavior near the blade surface. However, the 
shapes of both profiles were initially similar, then the tangential 
turbulence fell to a minimum at 20 percent pitch. Beyond 50 
percent pitch the turbulence became isotropic in the inviscid 
region, as the levels of turbulence corresponding to the U and 
V velocity components were comparable. The data were pre-
sented as turbulence intensities, yet because the flow field was 
intermittent, the standard deviation of the histograms did not 
represent the turbulence in the flow. Rather, these should be 
considered as a measure of the unsteadiness in the flow, which 
was a combination of the random turbulence and intermittent 
reverse flow. 
Figure 7 separates the mean total velocity components into 
its respective positive and negative modes. The velocity histo-
grams for each point across the passage were specially edited 
such that only negative velocities were retained and averaged 
to create a negative velocity distribution and, likewise, only 
positive velocities were retained and averaged at each point to 
create a positive velocity distribution. Thus the weighted aver-
age of the negative and positive distributions would make up 
the mean distribution for each velocity component. The reverse 
flow region was confined to within 10 percent of a blade pitch 
from the suction surface. 
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Fig. 6 Turbulence intensity at station 3 
This analysis showed more of the character of the intermit-
tent reverse flow than did a plot of the mean velocity. What 
occurred in the unsteady stalling process was not the 
arithmetic mean; however, the flow spent most of its time 
close to the positive and negative modes. Since the data were 
taken in coincidence mode, one disadvantage of this form of 
presentation was that during editing of the positive U velocity 
component data, all of its negative points were discarded, as 
well as the corresponding V velocity component data. The 
opposite but equivalent process occurred during editing of 
the V velocity component data; such that all the data that 
were left were the velocity components in the first quadrant 
of a flow that was oscillating through all four quadrants. 
An expanded analysis of station 3 (Fig. 7) includes three 
points chosen from the 32 during the survey based on the chang-
ing nature of the flow across the passage. Point 1 was located 
0.5 mm off the blade surface. This was inside the leading-
edge separation bubble as was evident by the negative mean 
velocities of all the data points in the histograms (Fig. 8). The 
second location was point 7 at 2.5 percent pitch. This point was 
within the intermittent reverse flow region, as indicated by the 
bimodal velocity histograms. The third location was point 20, 
at 17 percent pitch, and this point was outside the region of 
intermittent reverse flow. 
The progression from a negative mean velocity to a posi-
tive mean velocity was apparent with the crossover dis-
tinctly evident in the bimodal histogram at point 7. Since 
editing of the data to provide the average positive and nega-
tive velocities eliminated the second and fourth quadrant 
velocity vectors of a unsteady rotating velocity vector, Fig. 
9 provided an alternate view of the data by plotting the 
tangential and axial velocity components on a U—V velocity 
correlation plot. 
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Fig. 5 Mean velocity survey at station 3 
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Fig. 8 Velocity histograms at station 3 
Station 7. Mean velocity distributions are presented in Fig. 
10 for station 7, and the turbulence intensity for the respective 
velocity components are presented in Fig. 11. The turbulence 
intensity for the two components showed anisotropic behavior 
near the blade surface until about 50 percent pitch. Beyond this 
point the turbulence became isotropic in the inviscid region, as 
the levels of turbulence corresponding to the U and V velocity 
components were comparable. Of interest to note is the high 
level of unsteadiness in the axial velocity direction resulting in 
a peak turbulence intensity of 40 percent. 
As'with Fig. 7, the total velocity component is separated into 
its respective positive and negative mean values in Fig. 12 for 
station 7. At this location almost half of the passage width 
experienced some form of reverse flow particles, which is indic-
ative of the extent of the separation region on the aft portion 
of the blades. 
Wake Survey (Station 19). The final wake survey, per-
formed at 22 percent of an axial chord downstream of the 
trailing edge, is shown in Figs. 13 and 14. Both the mean 
flow and turbulence intensity/unsteadiness show good peri-
odicity of the asymmetric wakes that formed after the blade 
surface boundary layers coalesced. Once again the turbu-
lence profiles (Fig. 14) showed anisotropy in the wake, 
which became isotopic in the core flow region. Figure 15 is 
the result of the special editing as outlined for stations 3 
Journal of Turbomachinery JANUARY 1998, Vol. 120 / 173 
Downloaded From: http://asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jotuei/28664/ on 07/27/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Station 3, Point 1 
U Velocity (m/e| 
Stations, Point 7 
U Velocity |m/») 
Station 3, Point 20 
100 
eo 
I 40 SO 
U Velocity (mrt ) 
Fig. 9 U-V velocity correlation plots 




o o 0 0 0 • 0 
•#?**"' 
rf++ .+++
+ + ++ + + + + + + + + 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 
X/Pitch 
Fig. 10 Mean velocity survey at station 7 
and 7, in Figs. 7 and 12. It was of interest to note that the 
reverse flow velocity component was of the same magnitude 
as the reverse flow velocities at station 7. 
Power Spectrum Analysis. Power spectral density anal-
yses (Yocum and O'Brien, 1993) were performed at various 
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Fig. 13 Mean velocity survey at station 19 
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Fig. 14 Turbulence intensity at station 19 
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Fig. 15 Station 19: total velocity mean and mode components 
ring significance throughout the power spectrum plots was 
the region between 20-25 Hz as shown in Fig. 16 for the 
third point from the blade at station 3. Any interpretation 
of these results must be tempered with the realization that 
the data are discretely sampled and that they arrive randomly 
within the probe volume. Time history data were recorded 
to allow for the above-mentioned Fourier analysis. As this 
seemed to be the frequency at which the tunnel was pulsat-
ing during operation, then it is felt that the 20-25 Hz range 
represents the frequency of passage of the stall cells in the 
cascade. 
LDV and Flow: Comparison. Propagating stall was evi-
dent along the length of the cascade, as could be determined 
qualitatively with the use of tufts on adjacent blades. Unfor-
tunately no quantitative measurements of the size of the 
stall cells could be made, even with repeated attempts to 
strobe the flow while videotaping the cascade. 
Figure 17 contains a sequence of digitized images from 
the videotape of the laser flow visualization performed at 
midchord of the blade. The images cover 0.3 s of filming 
at 3I5 of a second per frame. The brightest curved image 
represents the curvature of the blade. This image is of the 
fog undergoing instantaneous reverse flow at approximately 
midchord. The trace of fluid particles on the left-hand side 
of the burst shows the fluid that adhered to the blade surface. 
Once all the histograms from each station were analyzed 
(with editing of plus or minus two standard deviations), the 
boundary of the region of intermittent reverse flow (last 
point of negative velocity at a station) was plotted for each 
station 2 through 19. This is also shown in Fig. 17 with 
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Fig. 16 Power spectrum analysis of point 3, station 3 
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Fig. 17 Laser sheet flow visualization at midchord, and 
is the region of reverse flow as determined by a negative 
mean velocity. This line represented the reverse flow region 
of the leading edge separation bubble, which had been ob-
served with flow visualization techniques. It was postulated 
that the reason reverse flow was measured in this region 
was that the flow was unsteady and that seed particles were 
entrained into the leading edge separation bubble. This was 
not possible at lower inlet air angles because the flow was 
relatively steady compared to the present study. 
Flow visualization also confirmed the two distinct regions 
of intermittent reverse flow, as shown by the two regions 
of dotted lines, the lower region being associated with the 
leading edge separation bubble and the upper region repre-
sented the turbulent separation that occurred aft of mid-
chord. This shows a continuous laminar separation bubble 
(with unsteady bypass flow) at the leading edge and inter-
mittent stall of the turbulent boundary layer aft of midchord. 
The remarkable coincidence between these two images 
shows the extent of the intermittent reverse flow region, 
which originated from the aft section of the blade. The real-
time video showed that the intermittent reverse flow was 
t = 0.033 sec 
t = 0.100 sec 
t = 0.167 sec 
summary of LDV surveys in the passage and the wake 
repeatable, however random, as could be expected from tur-
bulent flow separation. 
Conclusions 
The lack of experimental data of compressor cascades at 
or near stall has been improved with the current set of de-
tailed measurements. The successful stalling of the con-
trolled diffusion cascade was initially confirmed with the 
blade surface pressure measurements, which showed that 
for 50 deg the normal force on the blade had decreased. 
Flow visualization techniques (both tufting and laser sheet 
with fog) also confirmed that the blades had stalled. 
It was possible to measure both mean reverse flow and 
intermittent reverse flow with the LDV. With the appro-
priate use of frequency shifting, it was possible to make 
these measurements with the certainty that the results from 
the histograms were correctly representing negative or posi-
tive velocities. The regions of reverse flow were plotted. 
With the information obtained from each histogram at each 
station, it was possible to plot regions of intermittent reverse 
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Fig. 17 (Continued) 
flow and also a region of leading-edge reverse flow. These 
measurements could be qualitatively compared with flow 
visualization results. 
It was possible, for the first time, to take mean reverse flow 
LDV measurements inside the leading edge separation bubble. 
This paper also distinguished between the large-scale un-
steadiness or intermittent stall at a frequency of about 20-25 
Hz, resulting in bimodal histograms of the LDV data, and 
smaller scale turbulence depicted by the broadening of the histo-
grams about their modes. The levels of unsteadiness have been 
quantified and the overall flow physics was verified qualitatively 
with flow visualization techniques at a realistic Reynolds num-
ber, based on chord length, of 700,000. 
Acknowledgments 
This work was sponsored by the Naval Air Warfare Center 
(Patuxent River), as part of a Fan and Compressor Stall Project. 
Mr. Stoney McAdams was technical monitor for the project, 
and his support is greatly appreciated. 
References 
Armstrong, J. H„ 1990, "Near-Stall Loss Measurements in a C-D 
Compressor Cascade With Exploratory Leading Edge Flow Control," Master 
of Science in Engineering, Thesis, Naval Postgraduate School, Monterey, 
CA. 
Dreon, J. W., 1986, "Controlled Diffusion Compressor Blade Wake Measure-
ments," Master of Science in Engineering, Thesis, Naval Postgraduate School, 
Monterey, CA. 
Ganaim Rickel, J., 1994, "Laser-Doppler Velocimetry Measurements and Flow 
Visualization in a Cascade of Controlled-Diffusion Compressor Blades at Stall," 
Master of Science in Engineering, Thesis, Naval Postgraduate School, Monterey, 
CA. 
Hobson, G.V., and Shreeve, R. P., 1993, "Inlet Turbulence Distortion and 
Viscous Flow Development in a Controlled-Diffusion Compressor Cascade at 
Very High Incidence,'' AIAA Journal of Propulsion and Power, Vol. 9, No. 3, 
pp. 397-407. 
Journal of Turbomachinery JANUARY 1998, Vol. 120 /177 
Downloaded From: http://asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jotuei/28664/ on 07/27/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Sanger, N. L., and Shreeve, R. P., 1986, "Comparison of Calculated and 
Experimental Cascade Performance for ControUed-Diffusion Compressor 
Stator Blading," ASME JOURNAL OF TURBOMACHINERY, Vol. 108, pp. 
42-50 . 
Sovran, G., 1959, "The Measured and Visualized Behaviour of Rotating Stall 
in an Axial-Flow Compressor and in a Two-Dimensional Cascade," Trans. ASME, 
Vol. 81, pp. 24-34. 
Williams, A. J. H., 1995, "Laser Doppler Velocimetry and Viscous Flow Com-
putation of the Flow Through a Compressor Cascade Near Stall," Master of 
Science in Engineering, Thesis, Naval Postgraduate School, Monterey, CA. 
Yocum, A. M„ and O'Brien, W. F., 1993, "Separated Flow in a Low-Speed 
Two-Dimensional Cascade: Part I—Flow Visualization and Time-Mean Velocity 
Measurements," ASME JOURNAL OF TURBOMACHINERY, Vol. 115, pp. 409-
420. 
178 / Vol. 120, JANUARY 1998 Transactions of the ASME 
Downloaded From: http://asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jotuei/28664/ on 07/27/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use
